The interaction of small molecules with acid-base and redox centers in small Ce 21 O 42 nanoparticles has been theoretically investigated using the DFT+U approach with the PW91 functional and U=0,2 and 4 eV, in order to determine the influence of the U value on the trends observed in selected properties describing such interactions. CO adsorption at low coordinated Ce 4+ Lewis acid centers, water adsorption and dissociation at acid-base pairs, formation of oxygen vacancy defects by removal of an oxygen atom from the system, and interaction of molecular O 2 with such defects have been considered. The largest effect of the value of U is found for the description of the 
Introduction
Metal oxides are widely used in a large number of heterogeneously catalysed chemical processes of industrial interest, not only as support of metal nanoparticle catalysts, but also as intrinsic catalysts. Among them, cerium oxide is widely used in the treatment of toxic emissions and exhaust gases from diesel engines, for removal of organics in wastewater, and as an electrolyte in solid oxide fuel cells. [1] [2] [3] The catalytic activity of ceria is often related to its ability to undergo Ce 4+ /Ce 3+ redox cycles that facilitate formation and healing of oxygen vacancy defects, which are the active sites for a large number of reactions. [4] But in other cases this redox cycle does not participate in the reaction, and acid-base properties govern the catalytic activity of CeO 2 .
[5] For instance, it has been experimentally and theoretically demonstrated that water dissociation on reduced ceria surfaces does not require the Ce 3+ cations present, but occurs at Ce 4+ centers without involving any change in the oxidation state of cerium atoms. [6] [7] [8] [9] To gain insight into the catalytic performance of ceria at the molecular level, a large number of theoretical studies, often in close collaboration with experiments, have appeared in the literature in the last decade. [4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, the adequate theoretical description of the complicated electronic structure of CeO 2 , and in particular improvement of orbital occupations has been found able to converge to the ground state solution among the multiple orbital-dependent solutions inherent to the DFT+U scheme in the cases of bulk UO 2 , CoO and NiO, and a CeO 2 (111) surface model. [32] It is generally accepted in the literature that a U value between 4 and 6 eV is needed for a consistent description of the electronic structure of bulk CeO 2, including the band gap and the reduction energy of bulk CeO 2 to bulk Ce 2 O 3 , and it has been proposed that adding a U term also to the oxygen 2p electrons improves the description of such properties. [33] However, there is no guarantee that the optimum U value to describe bulk physical properties is also the correct choice to describe the reactivity of surfaces or of small CeO 2 nanoparticles. On the other hand, the catalytic activity of CeO 2 is not only associated to the generation of oxygen vacancy defects so that, in principle, the DFT+U scheme might not be necessary to describe properties of CeO 2 nanoparticles other than the stability of the reduced system. For this reason we explore in this contribution whether inclusion of a Hubbard U term in DFT calculations changes the theoretical description of the acid-base and redox properties of different sites present on CeO 2 nanoparticles of ~1 nm diameter. An enhanced catalytic activity has been reported for nanocrystalline CeO 2 , composed of particles with diameter ≤ 5 nm. [5, [34] [35] [36] [37] In the last years, Neyman et al. have investigated the electronic structure and reducibility of different (CeO 2 ) n and (CeO 2-x ) n with n ≤ 85 nanoparticles as realistic models for nanocrystalline CeO 2 catalysts. [38] [39] [40] [41] [42] In their studies they have used the DFT+U approach with U=4 and the hybrid HSE06 functional when the system size allowed it, and have found a good correlation between the energies of formation of oxygen vacancy defects provided by both methods. We explore now the acid-base and redox reactivity of nanocrystalline CeO 2 by studying the interaction of CO, H 2 O and O 2 molecules with several Lewis acid centers, acid-base pairs and oxygen vacancy defects, respectively, present in the smallest Ce 21 O 42 model described by Neyman et al., using a DFT+U approach with U=0, 2 and 4, the last value being the one used by Neyman et al.
Models and methods
All calculations in this work are based on periodic density functional theory (DFT) and were performed using the Perdew−Wang (PW91) exchange-correlation functional within the generalized gradient approach (GGA) [43, 44] as implemented in the Vienna Ab-initio Simulation Package (VASP) code. [45, 46] The valence density was expanded in a plane wave basis set with a kinetic energy cut off of 450 eV, and the effect of the core electrons in the valence density was taken into account by means of the projected augmented wave (PAW) formalism. [47] All calculations are spin polarized. Integration in the reciprocal space was carried out at the Γ k-point of the Brillouin zone. Charge distributions were estimated using the theory of atoms in molecules (AIM) of Bader using the algorithm developed by Henkelman. [48, 49] In the GGA+U approach a Hubbard U term is explicitly included in the calculations to improve the description of the localized Ce 4f states. [22] The present GGA+U calculations were performed using the formalism of Dudarev et al. [50] with values of U = 0, 2 and 4. The adsorption of CO at the five different Ce 4+ centres a to e shown in Figure 1 has been calculated at the DFT+U level using U = 0, 2 and 4. The optimized structures of CO adsorption complexes are depicted in Figure 2 . The most relevant parameters providing information about this type of interaction are summarized in Table 1 , and comparison of data obtained with different U values is done in Figure 3 and Figure S1 in the Supplementary Material.
Interaction energies E int have been calculated as: The influence of the U value on the parameters studied is relatively small and quite systematic. The charge distribution, evaluated by the net charge on the Ce 4+ cation, is the property for which the largest deviation between different U values is found (see Table 1 and Figure 3 ). The calculated qCe at each position increases by ~0.08 e -as the Figure 4 . Adsorption E ads and reaction ∆E energies, together with selected optimized distances and calculated vibrational frequencies are summarized in Table 2 , and comparison of data obtained with different U values is done in Figure 5 and Figure S2 As shown in Figure 4 , the oxygen atom of water (Ow) interacts with the Ce 4+ Lewis acid centres at the three positions considered, and an additional hydrogen bond between a proton of water and an oxygen atom of the ceria surface (Os) is formed at bB and cC sites. This is clearly reflected in the optimized values of the rOs-H distance, that is 1.7 and 1.8 Å at bB and cC sites, respectively, and significantly larger, close to 3.0 Å at aA position. However, the calculated adsorption energy of water at aA site is only ~0.1 eV lower than at the other two positions, suggesting a very strong Lewis acid-base interaction at this position. Dissociation of one of the two O-H bonds in water produces a hydroxyl fragment that remains attached to the Ce 4+ cation, and a proton that is transferred to an oxygen atom. This process is always exothermic, but the calculated reaction energy at aA site is much larger than at the other two positions. The reason is that water dissociation at bB and cC sites also involves the rupture of the stabilizing hydrogen bonds between the water proton and oxygens B and C, with the corresponding energy cost. This picture is not affected by the value of the U parameter used in the calculations. The same optimized structures and the same relative stability between them is found at all theoretical levels. Calculated adsorption and reaction energies systematically increase with increasing the U value, with the difference between the values obtained using U=0
and U=4 being less than 0.05 eV for E ads and 0.12 eV at most for ∆E. A clearly linear relationship with an excellent correlation is found for both energies (see Figure S2 in the Suplementary Material). The optimized rCe-Ow distances become systematically shorter as the U value increases, but this trend is not always observed for the rOs-H bond lengths. On the other hand, the calculated νOH vibrational frequencies always increase with increasing the U value, but the linearity of the correlations are not excellent.
A recent study of water adsorption and dissociation over a CeO 2 (111) surface using several approximations to exchange and correlation within DFT, namely GGA, where E(Ce 21 O 43 ) is the total energy of the oxidized models depicted in Figure 6 . Figure   6 . In all cases, the extra oxygen atom binds to a bi-coordinated oxygen atom present at the particle surface forming a covalent peroxide species, similar to that previously With regard to the influence of the U value, analysis of the data summarized in Table 3 and the plots in Figure 7 show an increase of up to -0.07 e-in the net atomic charge (values in parenthesis in Table 3 ) are almost negligible, even slightly endothermic at some sites, and vary by less than 0.03 eV as a function of the value of the U parameter.
However, when these interaction energies are calculated with respect to the reduced Ce 21 O 41 system, the E int values are considerably larger, of the order of -2, -3 eV, and differ by 0.8 eV depending on the value of U. Table 3 shows that the energy required to remove an oxygen atom from stoichiometric Ce 21 O 42 generating an oxygen vacancy defect using U=0 is systematically larger by 0.8 eV than that obtained using U=4. The order of stability of the oxygen vacancy defects C > B > A is the same at both computational levels, and the most favorable position to remove an oxygen atom is site C, in agreement with previous work. 
Conclusions
The interaction of CO with Lewis acid centers, the adsorption and dissociation of H 2 O at acid-base pairs, and the adsorption of molecular O 2 at Ce 4+ centres and oxygen vacancy defects present in CeO 2 nanoparticle models of ~1 nm diameter have been theoretically investigated using the DFT+U approach with U=0, 2 and 4 eV. Analysis of the data obtained at the three computational levels considered leads to the following general conclusions: CO interaction with low-coordinated Ce 4+ centers is weak, and produces a shift in the νCO calculated vibrational frequencies ranging from of 13 to 44 cm -1 depending on the position of the Ce 4+ cation. Water forms Lewis acid-base adducts by interaction of the water oxygen atom with the Ce 4+ cation, and in some cases an additional hydrogen bond between a water proton and a basic oxygen atom of ceria is also formed. Dissociation of water at these acid-base pairs is always exothermic and generates two types of hydroxyl groups. Oxygen vacancy defects can be created on the ceria nanoparticles by removal of a surface oxygen atom, with the most stable defect being generated by removal of a bicoordinated oxygen atom at the edge between (100) and (111) 
